Rapid cyclic voltammetry has been employed to investigate the electrochemical behavior of porcine pancreatic phospholipase A2 (PLA2) adsorbed onto a hanging mercury drop electrode surface. The electrochemical response of PLA2 exhibits a pair of voltammetric peaks which are ascribed to the reductiodoxidation of cystinekysteine residues within the enzyme strongly adsorbed on mercury surfaces over the pH range of 0.77-8.50. Based on theoretical fits to the data, the adsorption process, under all experimental conditions, is found to be kinetically controlled. In addition, the adsorption appears to be consistent with a Frumkin adsorption isotherm with a small repulsive interaction. Both pH and temperature have a dramatic effect on the adsorption behavior in terms of the adsorption rate, equilibrium coverage, and molecular conformation.
Introduction
of the effects of sweep rate, concentration, pH, and temperature, Phospholipases A2 (PLA2, EC 3.l.1.4) are a family of ubiquitous, small, water-soluble lipolytic enzymes, which can be found both inside and outside cells. Many of these enzymes are highly homologous in amino acid sequences despite a wide variety of sources. As phospholipases A2 specifically catalyze the hydrolysis of the 2-acyl ester linkage of 3-sn-glycerophospholipids, releasing the corresponding lysophospholipids and fatty acids, there have been extensive studies geared at the understanding of the protein-lipid interaction involved in this hydrolysis process, of the biological significance of the hydrolytic products which play an important role in the metabolism cycles, and of the mechanism of transmembrane signal transfer by the second messengers played by the released fatty acids (for reviews, see refs 1 and 2). Although phospholipases A2 can be found both within and without the cell, the extracellular enzymes have been more widely studied and are better understood, partly because the studies of the intracellular enzymes have been complicated by the variation of the subcellular site of their intracellular location as well as by the interference of phospholipases AI (which hydrolyze the 1-acyl ester linkage), as both of them coexist in many cells. Extracellular phospholipases A2 are abundant in pancreatic tissue and juice and in the venom of snakes and arthropods. Their 3-dimensional structures, active site structures, and interface recognition site (IRS) structures have been characterized by X-ray crystallographic ~t u d i e s .~-~ Due to their high affinity and activity to aggregated assemblies of phospholipids (e.g., monolayers, bilayers, micelles, vesicles, and membranes), the socalled "interfacial activation", phospholipases A2 have been used widely to study catalytic hydrolysis effects on these model biological membranes, providing much information about the actual biological proce~ses.~-'~ Since phospholipases, as well as phospholipids, are generally charged, their interaction depends strongly on their electric proper tie^.'^ Thus, electrochemistry can be very effective in providing new insights on their properties, due to the high mechanical stability and strong resistance of model biological membranes to electrode potential.
Although a number of electrochemical studies of phospholipid adlayers have been rep~rted,'~ such is not the case for phospholipases. In order to better understand this biologically important system, we have carried out a cyclic voltammetric study of porcine pancreatic phospholipase A2 (PLA2), in terms @ Abstract published in Aduance ACS Abstracts, November 1, 1995.
0022-365419512099-17235$09.00/0 from which kinetic and thermodynamic parameters related to the adsorption process can be extracted. These studies can then be used as a starting point for a comprehensive study of the lipid-protein interaction by interfacial techniques.
Experimental Section
1. Materials. Porcine pancreatic phospholipase A2 (PLA2) (from Sigma, originally suspended in 3.2 M (NH4)2SO4 solution, pH 5.4, with a concentration of 6.3 mg/mL) was used as received. Electrolyte solutions were prepared with ultrapure salts (Aldrich) which were at least of 99.99+% purity. These were dissolved (0.20 M) in water which was purified with a Millipore Milli-Q system and buffered with high-purity acetate or phosphate salts or hydrochloric acid (all from Aldrich) depending on the desired pH.
Equipment. Electrochemical experiments were carried
out with an EG&G PARC 173 potentiostat and 175 a universal programmer. Data were collected on a Nicolet 4094 digital oscilloscope and transferred to a personal computer for analysis.
In all experiments, a Kemula type hanging mercury drop electrode (HMDE, from Metrohm) was used as the working electrode with a drop area of 1.82 mm2. Electronic grade mercury (99.9998% from Johnson Matthey) was employed. A saturated AgIAgC1 electrode was used as a reference electrode, and a large area platinum coil was used as a counter electrode. A two-compartment cell with a medium porosity glass frit was employed in all experiments. The cell had standard taper joints for all electrodes and for degassing.
3. Experimental Procedure. For PLA2 adsorption studies, 1 .O pL of PLA2 solution was injected with a microliter syringe into a pipetted volume of working electrolyte solution depending on the desired PLA2 concentration, which had been degassed for at least an hour using high-punty nitrogen that was additionally passed through oxygen and hydrocarbon traps from MG Industries. In temperature dependence studies, the electrochemical cell (with degassed electrolyte and PLA2) was placed in an Allied water circulation pool (Fisher Scientific Model 800). At each temperature, at least 40 min was allowed so as to achieve temperature equilibrium before the electrochemical measurements were initiated.
In all experiments, the electrode was under potential control during the entire adsorption process with the applied potential being varied with solution pH: 0.0 V at pH = 0.77 and 2.43, . Sweep rate is 50 V/s, electrode surface area is 1.82 mm2, and PLA, concentration is 0.030 1M. (b) Cathodic peak current vs sweep rate.
-0.20 V at pH = 4.64, and -0.25 V at pH = 6.70 and 8.50 (all vs AgIAgC1). It should also be mentioned that the system was under a nitrogen flow throughout the entire procedure and at room temperature (21-22 "C) unless otherwise specified.
Data Analysis.
To determine the surface coverage (r) of PLA2, the cathodic peak due to adsorbed PLA2 was integrated by using PEAKFIT. Since all experiments were carried out at high sweep rate (at least 10 VIS) and the solution concentration of PLA2 was low (in the micromolar regime), the contribution from dissolved PLA2 to the total current was deemed negligible compared to the current arising from the adsorbed PLA2. Thus, the charge (Q) under the wave due to the adsorbed PLA2 could be employed in the determination of the surface coverage (r) using r = Q I~A F (1) where A is the electrode surface area, F is Faraday's constant, and n is the number of electrons involved in the redox reaction which in the present case equals 2. Details will be discussed further below.
Results and Discussion
1. Characterization of the Electrochemical Responses of PLA2. We begin with a description of the cyclic voltammetric response of PLAz adsorbed onto a mercury surface. As can be seen in Figure la , there are two well-defined peaks in the potential range of 0.0 to -1.0 V (vs AgIAgCl). Their peak currents are proportional to the sweep rake (Figure l b presents a plot of the cathodic peak current, I,,, vs sweep rate, v), indicating that they are due to an electrochemical reaction involving adsorbed species. As to the origin of these peaks, it is most likely that they are due to the reductiodoxidation of the disulfide bonds of the cystine residues in the enzyme adsorbed on the mercury surface. Several groups have studied the electrochemical behavior of free cysteinelcystine on mercury electrode surfaces using cyclic voltammetric and polarographic techniques (ref 16; for reviews, see ref 17). In contrast to the free cystine case where an adsorption wave and a diffusioncontrolled wave were observed, the PLA2 only showed a single adsorption voltammetric wave. This could be due to the strong adsorption of PLA2 and, consequently, its bulky physical size blocking any contribution from the diffusion of the enzyme. In addition, the solution concentration of PLA2 was so low (nanomolar to micromolar) that its contribution to the overall current would be negligible. Although there are a total of seven disulfide bonds within a monomeric porcine pancreatic PLA2 molecule, which rigidly maintain the molecular conformation,' * it would be energetically unfavorable to have an adsorption conformation of the enzyme with more than one disulfide group attached to the mercury surface. Thus, it is most likely that there is only one disulfide group adsorbed onto the mercury surface. However, it is quite difficult to determine by electrochemical means which specific disulfide group is adsorbed onto the mercury surface. Based on X-ray studies of the 3-dimensional structure of PLA;? and considering the charge distribution within the PLA;! molecule, some of the disulfide bonds would appear to be more likely to be adsorbed because of their relative position. An especially likely candidate would be Cys61-Cys91, and we believe that this is the disulfide bond responsible for the observed electrochemical response. However, we must emphasize that at the present time we have no direct evidence in support of this.
For a better understanding of the adsorption process, it is necessary to have a knowledge not only of the thermodynamics but also of the kinetic behavior. In the following we present an experimental study of the thermodynamics as well as the kinetics of the adsorption of PLA2 onto a hanging mercury drop electrode surface, including the dependencies on PLA2 concentration, solution pH, and temperature.
Thermodynamics of Adsorption. For an adsorption
process on an electrode surface to occur, surface sites must be available, where the solution species (As0l) displace the preadsorbed species (Sad) which could be solvent molecules. Thus, the adsorption equilibrium can be expressed as A variety of adsorption isotherms have been proposed to account for the relationship between the amount of adsorbed species (Aad) on the electrode surface, r (surface coverage), and its corresponding activity in bulk solution, a*,19,20 with one of the main differences being the type of adsorbate-adsorbate interactions included. Among these, the Langmuir adsorption isotherm is the simplest where the only adsorbate-adsorbate interaction is due to physical size. However, no other interaction is assumed. Implicit in this is that the free energy of adsorption (A&) is independent of coverage. The Langmuir adsorption isotherm can be expressed as where p = exp(-hGad/RT) is the adsorption coefficient, Ts is the saturation surface coverage, and 6 = r/rs is the fractional coverage.
If interactions, attractive or repulsive, between the adsorbed species are present, then an exponential term is added to the Langmuir isotherm to take into account such effects. One of the simpler isotherms which includes adsorbate-adsorbate interactions is the Frumkin isotherm, which is given by J. Phys. Chem., Vol. 99, No. 47, 1995 17237
where the parameter g describes the way in which the adsorption free energy varies with surface coverage. If g is positive, the interactions between adsorbed species are attractive, and if g is negative, the interactions are repulsive. It is also clear from eq 4a that as g -0, the Frumkin isotherm approaches the Langmuir isotherm. Equation 4a can also be expressed as with g' = 2gT,/RT.
It should be noted that although the above isotherms require knowledge of the adsorbate activity in the bulk solution (a*), in our system the adsorbate concentrations are so low that the activity coefficient ( y ) can be, to a good approximation, assumed to be unity; thus, the corresponding bulk concentrations (C*) can be used in place of a*. Figure 2 shows adsorption data for PLA2 onto a mercury surface as well as fits to eqs 3a and 4a, from which it can be seen that although both fits are quite good, a slightly better fit to the Frumkin isotherm is obtained. The fitting parameters are shown in Table 1 , where it is apparent that there are only small differences among them. For the Frumkin isotherm, the value of g' (-0.7 f 0.3) was found to be relatively small, indicating that adsorbate-adsorbate interactions are not very significant. In addition, its negative sign indicates that the nature of the interactions is repulsive. Since in this case the solution pH (6.7) was below the PI of PLA2 (7.4),14 the PLA2 molecules are positively charged, which could be responsible, at least in part, for the repulsive interactions between them. The adsorption free energy @Gad) obtained from both fits is virtually identical, -44 kJ/mol, and its magnitude is consistent with a chemisorptive bond. Also, the saturation coverages (r,) are also very close to each other: 2.7 x lo-" mol/cm2 for the Langmuir and 2.6 x lo-" mol/cm2 for the Frumkin isotherms, which correspond to an area per molecule of 606 and 639 A2, respectively, assuming a close packed 2-dimensional structure. Considering the molecular shape of PLA2 which is approximately ellipsoidal,2' the molecular area estimated from the saturation coverage suggests that the adsorbed site is likely located on one of the elongated ends of the molecule. Partly on the basis of this, we believe that the Cys61-Cys91 is likely the site of adsorption, as mentioned earlier. It can be seen in Figure 2 that although the Langmuir isotherm does not take into account adsorbate-adsorbate interactions, it is still in qualitative agreement with the experimental data. We have previously observed a similar situation in a study of the thermodynamics of adsorption of redox-active self-assembling monolayers of transition metal complexes, where fits to a Frumkin isotherm were slightly better than to a Langmuir isotherm with also a small repulsive interaction parameter (g' It can be concluded that although the PLA2 molecules are charged, their repulsive interactions are not v e v significant, probably due to the large physical size of the molecules. Thus, the Langmuir isotherm describes the experimental data qualitatively well, despite the fact that it ignores the adsorbateadsorbate interaction. Because of the small magnitude of g' and the simplicity of the Langmuir isotherm, we have opted to use the Langmuir isotherm to describe the experimental data in further discussion.
3. Kinetics of Adsorption. We have previously discussed the adsorption kinetics of redox-active self-assembling mono-= -0.2).22 
layers of transition metal complexes by considering two model^.*^^^^ One assumes kinetic control of the system while the other assumes fast adsorption with mass transport or diffusion control. In both cases the adsorption process is assumed to follow the Langmuir isotherm. The expression describing the variation in the surface coverage (r,) with time The limiting case under these conditions is the one corresponding to zero concentration of the adsorbate in the vicinity of the surface until the corresponding equilibrium coverage is reached. Under these conditions, ao = 0 and a1 = 2C*/&, so that the kinetics can be described as
Here we should bear in mind that (5) and (7) are the two limiting (and simpler) cases. We shall employ these two models to fit the experimental data and determine which one better describes the experimental observations. Figure 3 presents the kinetic data for PLA2 adsorption onto a mercury electrode surface at various PLA:! solution concentrations. The symbols are experimental data while the lines are fits using the above-mentioned models. It can be seen that at the higher concentrations ('0.1 pM) the kinetic control model shows an excellent fit (Figure 3a) , indicating that this model is most applicable under these conditions. However, at lower concentrations (c0.05 pM), neither ( 5 ) nor (7) shows a good fit to the experimental data (Figure 3b ), suggesting that under these conditions the kinetic process is not well represented by the above-mentioned limiting cases. However, an excellent fit was found using the expression where k ' and to are the fitting parameters, for the rising part of the adsorption profiles. Figure 3c shows the fits of the kinetic data over the concentration range 2.8 nM to 0.27 pM either to the kinetically controlled model (eq 5 ) or by linear fitting (eq 8), depending on the specific concentration. In all cases it can be seen the fits are all quite good. Mathematically, eq 8 can be described as the first term of the Taylor expansion of eq 5. When kC* is small, this is a very good approximation to eq 5. Thus, this would suggest that even at concentrations of the order of nanomolar, the adsorption dynamics still follow the kinetically controlled model. Thus, eq 8 can be recast as where re is the equilibrium coverage at a given bulk concentration (C*) and can be determined from the plateau portion of the profiles. The nonzero to would indicate that there is an induction time prior to the actual adsorption process. A similar situation was observed in the adsorption, from very low solution concentration, of redox-active self-assembling monolayers of Os complexes onto a Pt surface.22 Microscopically, this would suggest that a certain local concentration of the adsorbate must be reached prior to adsorption. From Table 2 , one can see that to increases with a decrease in PLAz concentration, which is consistent with the above argument. Figure 4 shows the fitting parameter (kC*) of the kinetics curves as a function of PLA2 concentration (e*), where the slope equals the rate constant (k). From Figure 4 , we can estimate the rate constant (k) to be (3.6 f 0.4) x 104 s-l. The linearity of this plot is again consistent with the Langmuirian kinetic behavior of this system. From the above study, one can conclude that the adsorption process of PLA2 onto mercury is kinetically controlled over the concentration range of 2.8 nM to 2.7 pM, with an adsorption rate constant of (3.6 f 0.4) x lo4 s-l. The observation of an induction time is consistent with the kinetic control mechanism.
4. pH Dependence of the Adsorption Kinetics. We also investigated the effects of electrostatic interactions on the kinetics of adsorption by varying the solution pH. Figure 5 shows adsorption kinetics plots at various pH values, with, again, the symbols being experimental data and the solid lines the fits. At low pH (pH < 2.5), an excellent fit was found to eq 5 whereas at higher pH (pH > 4.6), better fits were found using eq 8. As mentioned earlier, this indicates that over the pH range studied (0.77-8.50) Langmuir adsorption kinetics are still followed. During the adsorption process, the electrode potential was held positive of the corresponding open circuit potential, which is very close to the potential of zero charge (pzc). However, due to specific adsorption of chloride on the electrode surface, there is likely an overall negative interfacial charge.25 As the interfacial kinetics would be anticipated to be affected by interfacial electrostatics, one would expect that the variation of the electrostatic interactions between the electrode and the PLA2 molecules would result in variations of the adsorption processes including surface coverage and adsorption kinetics. The isoelectric point (PI) of free PLA2 is about 7.4,14 so that at pH < 7.4, the PLA2 molecule is positively charged whereas at pH > 7.4, it is negatively charged. In addition, the lower (higher) the pH, the more positive (negative) charges the PLA2 molecule carries. Recalling that the interfacial electric field is negative (with amplitudes varying with electrode potential), there will be an electrostatic attraction between the electrode surface and the PLA2 molecules at pH < 7.4 and repulsion at pH > 7.4. These electrostatic interactions will decrease as the difference between the applied potential and the pzc decreases.
In our experiments, we varied the electrode potential at different pH with the values being 0.0 V at pH = 0.77 and 2.43, -0.20 V at pH = 4.64, and -0.25 V at pH = 6.70 and 8.50 (all vs Ag/AgCl), and these were chosen relative to the specific formal potential of adsorbed PLA2 at various pH. From Table 4 , it can be seen that these applied potentials are about 200 mV positive of the corresponding formal potentials for adsorbed PLA:! at the given pH. As can be ascertained, the difference between the applied potential and the pzc decreases with increasing pH so that attractive interactions would also decrease. Thus, from the combined results of the applied electric field and the charged state of PLA2 molecules, one would anticipate that the attractive electrostatic interactions between the interface and the PLA2 molecule increase with a decrease in pH, and consequently the adsorption rate increases, as shown in Figure  6 . Here one should bear in mind that the electrostatic interaction between the interfacial electric field and the charged PLA2 molecules is relatively weak, due to the fact that the amplitude of the electric field is small and the overall charge density of PLA2 molecules is rather low because of their large size. Thus, it can be seen that the previous experimental observation that over the entire pH range of 0.77-8.5 the adsorption process followed Langmuirian kinetics is consistent with the above argument, as under these specific pH conditions the interaction between the electrode interface and the PLA2 molecules is that of a weak attraction, with a small variation in the amplitude.
One exception is at pH = 8.50, where the interaction is repulsive, different from the other cases. However, as men- tioned above, the negative interfacial electric field is weak and the negative charge of the PLA2 molecules is small at pH = 8.50, so that this repulsion will not be expected to hinder the adsorption kinetics dramatically. Thus, the overall kinetics still follows the same mechanism, as anticipated.
Having discussed the pH effects on the kinetic aspects of the adsorption process where interfacial interactions play a significant role, we now focus on the effects of pH on the adsorption thermodynamics. Figure 7 shows the pH dependence of the equilibrium surface coverage at a solution concentration of PLA2 of 0.030 pM; one can see that the coverage decreases rapidly with increasing pH, reaches a minimum at pH = 4.64, and afterward increases slowly with further increases in pH. To account for this behavior, one should note that, at very low pH values (pH < 2.5), the salt bridges within the PLA2 molecules will likely be destroyed although the disulfide bonds are probably still maintained. Thus, the molecular conformation will be changed. It is likely that the PLA2 molecules may have been denatured at very low pH, becoming coil-like and thus allowing closer packing of the adsorbed molecules and hence a higher equilibrium coverage. In addition, it is also likely that there is still only one disulfide group per PLA2 molecule attached to the mercury surface. However, if the enzyme is denatured, it would also be possible to have more than one disulfide bond in contact with the electrode surface. We do not believe this to be the case since that would likely require that the enzyme be adsorbed in a more horizontal orientation relative to the electrode surface which would greatly increase the projected area per molecule and thus would result in a decrease in the equilibrium coverage, which is contrary to the observed increase. The above arguments are also consistent with the experimental observation of a smaller value of the full width at half maximum (fwhm) for the voltammetric peaks compared to the other cases at higher pH ( Table 3) . For an ideal reversible electrochemical reduction/oxidation of an adsorbed species, the fwhm of the corresponding cyclic voltammetric wave should be 90.6/n mV (at 25 "C), assuming no interactions between the adsorbed species. For our system n = 2; thus ideally the fwhm should be 45.3 mV. However, the fwhm can be affected by a variety of factors, among which an important one is the intermolecular interactions of the adsorbates with repulsive interactions giving rise to broader waves, and vice versa. In Table 3 , one can see that over the entire pH range the fwhm's are greater than the ideal value even when extrapolated to zero sweep rate in order to eliminate any kinetic effect, suggesting that there exist repulsive interactions between the adsorbed species, consistent with the earlier discussion. At low pH (pH < 2.5), the fwhm's would be expected to be the largest compared to the high pH cases if the molecular conformation was still preserved, since at low pH the molecules would carny the most charges which would give rise to the greatest interaction (repulsion in this case) among the adsorbed molecules. However, the experimental observation contradicts this (Table 3) , which again suggests that the molecular conformation might have changed due to denaturing. On the other hand, over the pH range 4.64-8.50, the PLA2 molecule is stable and its conformation is preserved; thus, the similarity of their corresponding fwhm's would reflect a similar level of the intermolecular interactions.
As to the equilibrium coverages at pH =-4.64, one would expect that the repulsive intermolecular interactions of the adsorbed PLA2 molecules would play a role in determining the equilibrium coverage. Compared with the other two cases of pH = 6.70 and 8.50, at pH = 4.64 the molecules carry the most (positive) charges and experience the greatest repulsive interaction, therefore giving rise to the lowest equilibrium coverage. In the cases of pH = 6.70 and 8.50, both pH values are in the vicinity of the PI, so that one would expect only a small charge on the adsorbed molecules and thus only small electrostatic interactions among the adsorbed molecules, resulting in a higher equilibrium coverage.
Another important aspect is the formal potential for adsorbed PLA2. As mentioned earlier, we believe that the observed electrochemical response arises from the reduction/oxidation of the cystine residues of the adsorbed phospholipase molecules, with the overall reaction expressed as Chen and Abruiia where C and C' are the two half-cystine residues. From eq 10 and applying the Nernst equation, one can obtain that From (1 1) one can write which predicts a linear dependency of the formal potential with pH and with a -59 mV shift per pH unit change at 25 "C. Table 4 lists the experimental values of the formal potentials of adsorbed PLA2 under various pH conditions, and Figure 8 depicts the variation of the redox potential with solution pH. Here the symbols are experimental data which have been corrected to be refened to the same reference electrode at 25 "C by using the temperature coefficient of Ag/AgCl reference electrode, d@/dT = -4.8564 x V/"C,26 while the solid line is the fit. The linear dependency of the formal potential with pH is clearly evident. However, the plot has a slope of -71 & 6 mV per pH unit, which is somewhat higher than the anticipated value of -59 mV mentioned above. We are, at the present, uncertain as to the specific origin of this effect, however, the fact that molecules such as PLAz have multiple sites that can undergo protonation could, at least in part, be responsible for this.
It appears that, during the adsorption process, the main governing force is that between the interfacial electric field of the electrode and the PLA;! molecules. Over the entire pH range under study, the adsorption process appears to be kinetically controlled, with the adsorption rate decreasing with increasing pH, which can be interpreted as being due to the electrostatic interactions between the electrode and the PLA2 molecules.
Temperature Effect on the Adsorption Kinetics.
We have also carried out temperature dependence experiments. Figure 9 shows the kinetic data at various temperatures from 22.0 to 48.5 "C. The best fits were found with eq 5 , indicating that the adsorption process is again kinetically controlled over this experimental temperature range. Figure 10a shows the dependency of the adsorption rate on solution temperature. An abrupt increase is observed between 22 and 30 "C, with only a much smaller increase for temperatures of up to 50 "C. Figure 10b estimated for the two temperature regimes (I and II). We obtain values of 3.13 kJ/mol when the temperature is above 31.8 OC (I) and 62.3 kJ/mol when it is below (11). Such discontinuous Arrhenius plots have been previously described for some soluble enzymes when interacting with their substrates, where the discontinuity is believed to be due to a temperature-induced conformational change of the en~yme.~'-*~ The assertion that there are two molecular conformations depending on the solution temperature is also supported by the cyclic voltammograms for the adsorbed phospholipase at different temperatures (Figure 11 ). One can see that with increasing temperature, the electrochemical response of the adsorbed phospholipase molecules evolves from a single cathodic wave at room temperature to two cathodic peaks with the additional wave appearing at a more negative potential. At even higher temperatures the second cathodic wave becomes the main electrochemical feature, as is clearly apparent in Figure  1 1. It should be noted that all of the cyclic voltammograms in Figure 11 are the f i s t cycle of scans at each temperature. In subsequent scans the second cathodic wave was not observed, and the voltammetric response was very similar to that shown in Figure la . In combination with the observation that there is no return anodic wave associated with the second peak, it could be suggested that although this second conformation is energeti- cally more stable, it is kinetically slow. In addition, the appearance of the second wave can only be observed at pH values above 4.6. At low pH, a single cathodic peak is always observed at all temperatures under study, which is consistent with the above-mentioned argument that under those specific pH conditions the phospholipase molecules might be denatured such that the coil-like conformation will no longer be sensitive to the solution temperature. One interesting observation is that the potential difference (AE) between these two cathodic peaks appears to be a function of pH as well as temperature, as shown in Figure 12 . One can see the general trend that AE increases with an increase in pH but decreases with increasing temperature. Since there is no retum anodic wave associated with the second cathodic peak, the process likely reflects kinetics rather than thermodynamics. In addition, it could also be that a higher temperature diminishes the activation energy so that there is a smaller overpotential as depicted in Figure 12 .
As to the thermodynamic aspects, Figure 13 shows the temperature effect on the equilibrium coverage at pH = 6.70, where one can see that again the entire temperature range is divided into two regimes: at temperatures below 30 "C there is little effect of temperature observed, while at higher temperatures (above 30 "C) the equilibrium coverage increases markedly with increases in temperature. This observation might be accounted for by the above argument that there exist two molecular conformations in this temperature regime. As the surface coverage from the first cycle of scans is somewhat greater than that from the subsequent continuous scans (not shown), and the subsequent scans only show a single cathodic wave, as mentioned earlier, which corresponds to the initial conformation, it can be suggested that this conformational change gives rise to a closer packing of the adsorbed molecules and hence a higher equilibrium coverage as observed. In addition, this second conformation is likely to be more fluid since it forms at a higher temperature and would therefore give rise to a faster rate of charge propagation, again consistent with experimental observations. Moreover, these arguments are also consistent with the experimental observation that, with an increase in temperature, the second cathodic peak increases in amplitude while the other ones decrease (Figure 11) .
The above discussion suggests that the molecular conformation is very sensitive to temperature with a second and different conformation appearing at higher temperature, which results in an increase in the effective surface coverage. However, as to the origin of these phenomena, further studies are required and are currently underway.
Conclusions
Cyclic voltammetry has been employed in the study of the thermodynamics of adsorption as well as the adsorption dynamics of phospholipase A2 onto a mercury electrode surface, with emphasis on the effects of concentration, pH, and temperature.
Our findings can be summarized as follows: (a) The cyclic voltammetric response of PLA2 adsorbed onto a mercury surface exhibits a pair of voltammetric waves that are ascribed to cystinekysteine residues. Although both the Langmuir and Frumkin isotherms are in qualitatively good agreement with experimental data, a better fit is obtained with the latter with an interaction parameter g' = -0.7, indicating the presence of repulsive, albeit small, interactions. The magnitude of the adsorption free energy is consistent with a chemisorptive bond.
(b) The adsorption process is found to be kinetically controlled over the PLA2 concentration range of nanomolar to micromolar, based on the fits to the kinetic models.
(c) pH has a dramatic effect on the adsorption kinetics of PLA2, most likely due to variations in the charged state of the PLA:! molecules and consequently the variation of interactions between the electrode and adsorbed species as well as between neighboring adsorbed molecules.
(d) The conformation of the adsorbed PLA2 molecules appears to be very sensitive to the solution temperature. A second cathodic wave was observed at higher temperatures with no corresponding retum anodic wave. A temperature-dependence study showed that although this second conformation is energetically more stable, it is kinetically much slower. A discontinuity in the Arrhenius plot is ascribed to a temperatureinduced conformational change of the adsorbed molecules.
A more complete understanding of the interfacial behavior of this and other phospholipases will be most valuable in further studies on their biological properties via electrochemical techniques. Further studies are underway, and results will be presented elsewhere.
